I. INTRODUCTION
Langmuir probes mounted on reciprocating drives are widely used to measure fluctuations in the edge and scrape-off layer (SOL) plasma of fusion devices. Using arrays of probes, the spatio-temporal properties of plasma edge turbulence can be studied, as well as the associated anomalous transport. This probe data is an important input for numerical simulations [1] [2] [3] , but also a valuable benchmark for imaging diagnostics [4] . Spatio-temporal patterns actively applied to the probes are candidates for influencing the turbulence [5] . Apart from Langmuir probes, minimal invasive techniques such as ECE imaging [6] , reflectometry [7] , Laser Blow-Off [8, 9] , or gas puff imaging [10] exist for the visualisation of turbulence.
However, as soon as the full set of transport relevant fluctuations is to be measured simultaneously, the capability of a Langmuir probe measurement is to date unsurpassed.
According to Stangeby [11] a Langmuir probe shows the characteristic for U < U f I model (U ) = − I sat 1 − exp e k B T e (U − U f ) .
Using the vacuum vessel as the voltage reference, U f is the probe floating voltage, and U is the actual probe voltage. Two types of fluctuation measurement schemes are frequently used: Firstly, a negative voltage bias applied to the probe for measuring the ion saturation current I sat , which is related to the electron density n. Secondly, there is the high impedance (i.e. "floating") measurement of U f fluctuations. This quantity is often considered as an estimate for plasma potential Φ p fluctuations. However, for a more precise determination of Φ p the actual electron temperature T e and its fluctuations must be taken into account [11] .
When these corrections are neglected, conflicting results can occur [12] .
The temporal evolution of Φ p , n, and T e can be deduced simultaneously, if the probe bias voltage is actively swept faster than the timescale of the fluctuations. This method with slow sweeping is commonly used for the steady state values of Φ p , n, T e . During the measurement, U < U f is necessary in order to avoid both the complex modification of the electron saturation current in strong magnetic fields, and capacitive hysteresis loops [13] . For a proper spatio-temporal "sampling" of the plasma fluctuations in a fusion device, the voltage sweep rate should exceed several hundred kHz, and the tip spacing should be of the order of mm. These figures are corresponding to typical values of the bandwidth of fluctuations and the correlation length perpendicular to the magnetic field, respectively [14] . Fast swept measurements have been carried out before [15] [16] [17] [18] [19] . There are, however, no 2 results published with more than 3 probe tips swept at frequencies higher than 100 kHz. The swept multi-tip array is necessary to visualise the spatial structure of electron temperature fluctuations.
We performed our measurements in the SOL plasma of the Wendelstein 7-AS stellarator (W7-AS) [20] , using a poloidal array with 15 graphite tips, tip spacing d=2 mm. Typical SOL plasma properties were n=5 · 10 18 m −3 , T e =40 eV, and relative fluctuation levels > 12%
were found. The probe location was varied within the SOL up to the last closed magnetic surface. Further inside the plasma, the tips started to emit electrons due to the thermal load, and the interpretation of the measurements became too complex.
Spatio-temporal properties of the plasma fluctuations in W7-AS deduced from I sat and U f data have been reported in Bleuel et al. [21] . The reported fluctuation bandwidth in the frequency domain was up to several hundred kHz with a broad shoulder around 40 kHz, while the spatial correlation length perpendicular to the magnetic field was around 1 cm.
We wanted to complete this characterisation of the edge plasma turbulence by adding the spatio-temporal properties of T e . Therefore, experiments with 15 swept probe tips with a sweeping frequency of 1.4 MHz were performed. In the following we introduce the electronic measuring technique, make a comment on the data evaluation in Sec.III, and present the plasma measurements in Sec.IV.
II. MEASUREMENT SYSTEM
A. Probe setup at W7-AS In W7-AS the largest gradients of the plasma pressure appear perpendicular to the system of nested magnetic surfaces (see Fig. 1 ). The magnetic surfaces provide the thermal insulation between the plasma center, where the heating power is deposited, and the vessel wall, which is at room temperature. Turbulent plasma fluctuations tend to flatten the gradients of the plasma pressure. The dominant transport mechanism of turbulent edge plasmas has been identified in numerical simulations (e.g. [22] ) as radial E ×B convection caused by fluctuating poloidal electric fields. The sequence of probe tips is therefore arranged along the poloidal direction.
At W7-AS good expertise exists with the usage of small graphite cylinders as electrical probes for fluctuation measurements [21] . Graphite (also used as plasma facing component inside the vessel) has sufficient electrical conductivity and can withstand the high heat fluxes in the edge plasma. Individual tips and their electrical connections are built coaxially, so that the shielding suppresses cross-talk and ensures adequate high frequency properties. The graphite cylinder with a diameter of 0.9 mm is insulated by ceramics, leaving a length of 2 mm exposed on the plasma facing side (Fig. 2) . At the opposite end it is connected to the inner conductor of a coaxial cable. The shield of that cable is connected to a stainless steel tube shielding the tip. Tip support and cables are protected by the probe head cover, which is made of insulating material boron nitride. 
B. Measuring Electronics

Amplifier Design
The voltage sweep peak-to-peak amplitude was 30 V, corresponding to the order of k B T e /e. In order to keep the tip voltage below U f , and observing in the W7-AS edge plasma When in plasma contact, individual tip impedances are usually large compared to the 50 Ω characteristic impedance of a coaxial cable. Thus, a long cable behaves as a parasitic capacitive load, giving rise to displacement currents that must be compensated. These currents have been observed to limit the achievable bandwidth in the earlier measurements by Giannone et al. [17] , who used clamp-on ammeters. A viable method to increase the bandwidth was proposed by Pfeiffer et al. [23] , who also built the prototypes: Shunts and Maximum ratings are ±0.55 A for the tip current, and ±200 V for the tip voltage.
Following the scheme from Fig. 3 the reference point C of the voltage dividers was connected to an inverted and scaled signal. To produce this, we used a two-way inverting module that could cope with up to ±100 V (output ∓10 V) in the low frequency, and ±100 V (output 0110-1000, 1 kW into 50 Ω from 10 kHz to 220 MHz). At the probe manipulator system both DC and RF were added, the module for active common mode compensation was installed, and the probe front end connected (see Fig. 7 ). For data acquisition two PC based transient recorders with a sampling rate of 50 MHz, 12 bit resolution, and 8 MSamples of memory per channel were used (FAST ComTec, Models Signatec PDA12/MEM500 and Spectrum MI.3024). All devices were remotely controlled, the function generator output was gated, producing the sweeping only during the acquisition time of approx. 0.168 s. For each of the 15 tips the primary data are time traces I(t p ) and U (t p ) with a sample rate of 50 MHz (∆t p =20 ns), as shown in Fig. 8a . Using least square fit algorithms [24] , the set of the three model parameters I sat , U f , and T e is obtained by using equation (1) Fig. 8b , where we used a moving frame technique and fitted the data in packets of 12 sweeps.
Delays were found between the primary data I(t p ) and U (t p ) for each channel, as recorded by the ADCs. They can cause systematic differences between "up" and "down" sweeps, particularly in the model parameter U f . One reason for such a delay is the short section of coaxial cable between shunt resistor and probe tip, which is not correctly terminated and thus causes an impedance transform. More possible reasons are uncompensated complex impedances on the electric circuit boards, and different signal delays in the integrated circuits of the differential amplifiers. To this end, the average difference of U f between the "up" and the "down" sweeps of the entire analysis interval is evaluated after the first iteration of the fit procedure. If a systematic up-down asymmetry is found, a phase correction between I(t p ) and U (t p ) is applied and the fit procedure is repeated until the asymmetry vanishes.
Typical time delays are within ±40 ns (±2 samples). Locally in time, systematic deviations between "up" and "down" sweeps can still persist, as it can be observed in the time trace of the floating potential U f around t=5 µs in Fig. 8b . parameters I sat (t S ), U f (t S ), and T e (t S ), defined each half period of the voltage sweep (diamond symbols). 12 sweeps are fitted simultaneously, and a linear interpolation on the grid t p is performed.
The boundary between two fit frames is indicated by vertical lines. The backward calculation of the probe model current according to equation (1) is overplotted in (a) with a solid line, shifted by 10 mA for better visibility.
B. Deduction of Plasma Quantities
The model parameters I sat and U f depend on the plasma quantities n, Φ p , and T e . It is assumed that T i = T e in the edge plasma of the W7-AS. Since the tip dimensions are small compared to the mean free paths of the plasma particles, and large compared to their gyro radii and to the Debye length, the use of theory for a classical Langmuir probe in a strong magnetic field [25] is appropriate. I sat is thus related to the ion current density according to
where r p and l p are radius and length of the cylindrical probe tip, respectively. Following calculations by Stangeby [11] yields:
The correction factor 1.25 is based on the more detailed kinetic analysis by Emmert et al.
[ 26] , and m i is the ion mass.
The relation between U f and Φ p is given by:
where U p is the voltage between the unperturbed plasma potential Φ p and the vessel, m e is the electron mass, and γ e is the coefficient for secondary electron emission. The addend 0.22 is a correction due to the Emmert model [26] . For our graphite probe tips, γ e =0.5 is assumed, which is based on the measurements by Pedgley et al. [27] .
Despite the high voltage sweep frequency, stationary conditions in the probe model can be assumed [13] . Effects of the plasma sheath capacitance on the ion side are comparatively small due to perpendicular incidence of the magnetic field on the probe surface.
IV. APPLICATION AND DISCUSSION
In order to demonstrate the capability of the system, we exemplarily show the measurement result in the SOL of a W7-AS hydrogen plasma with an average magnetic field strength B = 2.5 T. The plasma was generated by 440 kW of electron cyclotron resonance heating (ECRH). During the stationary phase of the plasma discharge, the probe performed a reciprocation within 300 ms, and fast sweep data were recorded. Here we will discuss the average The average electron temperature profile in the SOL is obtained from the fit parameter T e , averaged over all tips and processed with a low pass filter. Since the heat source is located in the center of the core plasma at r eff =0 (on-axis ECRH), a monotonic decrement of T e in direction of r eff is expected, which is seen in the probe data (Fig. 9) . Furthermore, the T e gradient length of approx. 3 cm is of the same order as the SOL density gradient length that was published by Grigull et al. [28] . T e is measured inside the core plasma by the independent ECE and YAG systems, see Fig. 9 . When extrapolating the core and SOL T e profiles, both coincide at the interface as expected.
The relative fluctuation level σ 11 is defined as the standard deviation normalised to the average value, and displayed in Fig. 10 . Using the square root of the sample variance in the n, T e , and Φ p data yields an upper limit, which does not necessarily reflect the level of plasma fluctuations, since the sample variance is enhanced by the sporadic occurrence of up-down asymmetries during the fit procedure (section III). We therefore calculate a lower respectively. T e and n data are normalised to the average value, U p is normalised to k BTe /e. On the x-axis the r eff coordinate is displayed, cf. Fig. 9 .
limit σ 12 ( Fig. 10 ) using the maximum of the square root of the cross-variance on adjacent tips x and y:
where N =20000, and j is a time lag. Due to the finite propagation velocity of the fluctuation structures the maximum is usually found at a time lag j =0. It can be assumed that σ 12 is not affected by the up-down asymmetries, given the latter are uncorrelated on different tips.
Since the correlation length of the plasma fluctuations is finite, σ 12 however underestimates the fluctuation level. Within the uncertainty range given by σ 11 and σ 12 , the measurements by Giannone et al. [17] are in accordance with these results.
We show the plasma density and temperature fluctuations in contour plots as functions of time and poloidal position in Fig. 11 . The fluctuation power has been equilibrated among the channels in order to compensate for different sensitivities. This visualisation compares well with the H α fluctuation data from [21] , but in the fast sweep data we can now clearly distinguish between plasma density and temperature, and we have a quantitative measurement.
An average poloidal velocity of 7·10 2 m s −1 in ion diamagnetic direction can be deduced from the inclination of the stripe patterns. Since the fluctuations intrinsically propagate in electron diamagnetic direction [22] , a dominating poloidal E ×B convection must be present.
Considering the local magnetic field strength of 2.3 T, this corresponds to a background radial electric field >1.6·10 3 V m −1 , pointing radially outward.
The varying structure sizes and structure lifetimes in Fig. 11 are typical for turbulent phenomena. For example, the large stripe visible in both density and temperature around t=140 µs corresponds to a fluctuation that enters the region of observation from y=−1.4 cm, moves along the tip array, and starts to decay at t=150 µs and y ≈ 0.5 cm. Other structures are "born" and grow within the region of observation like the one at t ≈ 100 µs and y ≈ 0.2 cm.
Further analysis including the transport relevant cross relations between density, potential, and temperature is reported in [29] , and will be published elsewhere.
V. CONCLUSION
This study demonstrates the simultaneous spatio-temporal measurement of T e , n, and 
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